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NASA-LEWIS EXPERIENCES WITH FIULTIGROUP CRGSS SECTIONS 
AND SIlIELDING CALCULATIONS 
Gerald P. tahti 
NASA-Lewis Research Center 
Cleveland, Ohio 44135 
The  nuclear reactor shield analysis procedures employed at 
NASA-Lewis are described. Enphasis is placed on the generation, 
u s e ,  and testing of multigroup cross secyion data. Although 
coupled neutron and gamma ray cmss section sets are u s e f u l  in 
two dimensional Sn transport calculations, much insight has been 
gained from examination of  uncoupled calculations. These have 
l c d  to experimental and analytic studies of areas deemed t3 be of 
f i r s t  order importance to reactor shield calculations. A 
discussion is given of problems encountered in using multigroup 
cross scctions in t h e  resolved resonance energy  range. T h e  
addition T O  EXDF files o f  calculated a n d / o r  neasv.rcd 
neutron-energy-dependent c 2 p t u r e  gamma r a y  spectra for shielding 
c;ilculatioris is questioned f o r  the resoilance region. Anonalies 
i n h c r c n t  in two dincnsional S n  t r 2 n s p o r t  calculations vhich nay 
o v c 1 - w h c 1 ~  any cross section discrepancies a re  illustrated. 
INTRODUCTION 
SASA-Lewis has been involved in a number of  nuclear reactor 
shicld analyses. These include shields for a fast-spectrum space 
power reactor ( r e f .  1,2)  and f o r  a zirconium hydride reactor 
(ref. 3 ) .  The principal tools for t h e s e  analyses are mul t ig roup  
o n c -  and two-dimensional discrete ordinates S n  transport codes. 
This paper will review our method o f  reactor shield analysis. 
O u r  technique of examining and testing o f  b o t h  basic d a t a  and 
c r o s s  section processing nethods  will be discussed. T h i s  paper 
xi11 emphasize some p r o b l e m  we have encountered in generating 
and usirig broad multigroup cross sections in our d a y - t o - d a y  
calculations. These problems are of importance to accurate 
rcactor shield calculations and include t h e  accuracy of I3cV 
neutron transport and ganna ray production in the resolved 
I resonance energy r e g i o n .  The purpose of this paper to alert 2nd 
i n f o r m  multigroup cross section measuirers, code developers, and 
users regarding some of these s u b t l e  problem n o t  covered 
, adcquately by existing codes. 
USE O F  COUPLED AND SEPARATE siimi) D r w  G N  CALC:UI,ATIO?JS 
The use of coupled neutron-and-gamma ray cross scctions is a 
convenient method of simultaneously handling neutron transport 
and secondary gamma ray generation. Coupled cross scctions save 
onpreciable computer time and are used routinely in two 
nensional transport calculations at NASA-Lewis. Howcver, in 
-..le early design stagcr; of any shield, onc dimensional 
calculations are made without coupled cross secti0r.s to obtain 
. input data necessary for efficicnt operation of our shield 
optimization procedures. Separate calculations are made for 
neutrons and gamma rays for each region and source type. This 
* serics of calculations displays the importance of each region to 
thc total dose; thus the reactions and therefore the cross 
sections which a r e  most important to a shield design may bc 
ascertained. In a coupled calculation, this information is not 
availablc. 
flcre is a typical exnmgle of rcsults from separate calulations 
(adaptcd from ref. 2) for the reactor shield configuration shown 
in figure 1. The rpherical mockup of a 2 bWth f a s t  spectrum 
space power reactor is reflected by 11 cm of molybdcnum and 
shielded by four layers G €  lithium hydride and three layers of 
d c p l c t e d  uranium. The configuration has bccn optimized using the 
OPEX-I1 (ref. 4) procedure. The result is a minimum !(eight 
ln\-ercd s h i e l d  which meets 2 dose  rate constraint of 2 millirem 
pcr hour 20 meters distant. The resulting configuration y i e l d s  
thc d o s e  rate distribution shoi.;n in fisure 2. Each o €  the €ivc 
radiation sourcc regions contributcs a??rosimately cqually to thc 
total dosc rate at thc 20 meter detec’ior position. Important 
contributions t o  the too’ial dose r a t c  a r c  mzdc from capture gammas 
formcd clccp in the shield. These zre caused by  FlcV neutrons 
b e i n g  Transmitted to points dcep in t he  s h i e l d ,  their local 
slowing down in the lithium hydride regions, and then their 
capture in the high-Z (UraniGiTi) I a y e ~ s .  Examination of the 
balance tables in thc 5n transport code output reveals that most 
of the neutron captu,cs occur in the rcsonance energy region 
f i . c .  1 e V  to 5 keV). Gamma rays from neutron inelastic 
Kcclttcring events represent a small fraction of the t o t a l  dose 
r a t e .  ’Thus in problems such as this, the transport of neutrons 
i n  the 6-15 McY range to points d e e p  in the shield, l o c a l  slowing 
( l o ~ i i ,  and resonance capture is the most important process as far 
3s  the dosc rate at a distant external point is concerned. With 
this in mind, the cross scctions, CTOSS section codes,  secondary 
canma spectra, and transport methods which are available have 
been studied to evalua’ie their usci-ulness for precise shielding 
calculations. 
T h e r e  a r e  s e v e r a l  p r e r e q u i s i t e s  t o  a n  a c c u r a t e  n c u t r o n  
t r a n s p o r t  c a l c u l a t i o n  i n  t h c  h l c V  e n e r g y  r e g i o n .  F i r s t  t h e r e  i s  
t h c  p r e c i s i o n  o f  m i c r o s c o p i c  c r o s s  s c c t i o n s .  Our b a s i c  s o u r c e  o f  
n e u t r o n  C T O S S  s e c t i o n  d a t a  has b e e n  t h e  133 c o d e ,  C ; A ? I - I T ,  ( r e f .  5)  
and i t s  2 0 0  i s o t o p e  l i b r a r y  o f  d a t a  f o r  t h e  0 . 4  eV t o  1 5  FIcV 
e n e r g y  i n t e r v a l ;  f o r  t h e r m a l  n e u t r o n  d a t a ,  t h e  P - 1  c o d e ,  
G.ATI4ER-II ( r e f .  6 )  and  i t s  l i b r a r y  o f  s c a t t e r i n g  k e r n e l s  and 
o t h e r  d a t a  h a s  b e e n  u t i l i z e d .  The d a t a  h e r e  i s  o f  e a r l y  1 9 6 0 ' s  
v i n t a g e .  G.4M-I1 d a t a  f i l e s  a r e  p r c s e n t l y  b e i n g  r e p l a c e d  u s i n g  
SUPERTOG-I1 ( r c f .  7 )  t o  g e n e r a t e  u p d a t e d  d e c k s  from ENDF-Version 
I 1  and I 1 1  d a t a .  S e c o n d l y ,  t h e  e n e r g y  g r o u p  s p l i t  i n  t h e  
m u l t i g r o u p  f o r m u l a t i o n  i s  i m p o r t a n t  b e c a u s e  a n  i n f i n i t e  medium 
code  ( s u c h  a s  GAY!-11)  o r  a f e w - p o i n t  o n e - d i m e n s i o n a l  c r o s s  
s e c t i o n  code  ( s u c h  a s  X S D R N  ( r e f  8 ) )  c a n n o t  a d e q u a t e l y  a c c o u n t  
f o r  t h e  s p e c t r u m  s h i f t s  e n c o u n t e r e d  i n  deep p e n e t r a t i o n  
p r o b l e m s .  And f i n a l l y ,  t h e r e  i s  t h e  u n c e r t a i n t y  i n  t h e  t r a n s p o r t  
c a l c u l a t i o n  i t s e l f  due  t o  t h e  f i n i t e  d i i f c r e n c i n g .  
S t a n d a r d  Group S p l i t s  and C r o s s  S e c t i o n  L i b r a r i e s  
A s t a n d a r d  26 g r o u p  s p l i t  f o r  n e u t r o n s  (which i n c l u d e s  1 3  
g roups  above  0 . 9  NeV and one  t h e r m a l  g r o u p ,  a 1 5  g r o u p  s p l i t  f o r  
gamma r a y s ,  and a 4 1  group c o u p l e d  g r o u p  s p l i t  have b e e n  a d o p t e d  
f o r  t h e  s h i e l d i n g  p rob lems  i n v e s t i g a t e d  h e r e .  SucE a g r o u p  s p l i t  
has  p r o v c n  t o  p r o v i d e  a c c u r a c y  a t  l e a s ?  c o n s i s t c n t  w i t h  t h a t  o f  
the  Sn t r a n s p o r t  c o d e s  x s e d .  T h i s  a l s o  p r o v i d e s  a r e a s o n a b l e  
b a l a n c e  bc twecn a c c u r a c y  and  r u n n i n g  t ime r e q u i r e d  f o r  t r a n s p o r t  
p r o b l e m s .  t : i 3 m  p r e v i o u s  work (ref. 9 ,  f o r  e x a m p l e ) ,  t h i s  
n a r t i c u l a r  Froup s p l i t  t e s t e d  well  a t  deep  p e n e t r a t i o n s  i n  
hydrogenovs  media ag3;  n s t  b o t h  f i n e r  c a l c u l a t i o n s  2nd e x p e r i m e n t s  
i? t h e  N c V  r c F i o n .  ?ese t e s t s  i n d i c a t e  t h e  g r o u p  s p l i t  i s  
n d c q u a t c  i n  t h i s  e n e r g y  r e g i o n  f o r  e v a l u a t i n g  grou:, f l u x c s  and 
i n t e g r a l  q u a n t i t i e s  s u c h  a s  d o s e  € o r  t h e  t y p e s  o f  p rob lems  a t  
hand .  F t a n d a r d  m i c r o s c o p i c  c r o s s  s e c t i o n  l i b r a r i e s  a r c  
m a i n t ~ i n e d  f o r  e a s y  a c c c s s  and  q u i c k  
. - s l c u l a t i o n s .  
r u n n i n g  o f  OUT many s u r v e y  
MeV N e u t r o n  T r a n s m i s s i o n  E x p e r i m e n t s  
A number o f  t h i c k  sample  t r a n s m i s s i o n  e x p e r i m e n t s  have  b e e n  
p e r f o r m e d  a t  NASA-Lewis t o  t e s t  t h e  adequacy  o f  c r o s s  s e c t i o n s  i n  
t h e  hIeV c n e r g y  r e g i o n  ( r e f .  9,10711). These  c o n s i s t  o f  e i t h e r  a n  
a m e r i c i u m - b e r y l l i u m  s p h e r i c a l  n e u t r o n  s o u r c e  s u r r o u n d e d  by a 
, ~ ; ) ~ l e r i c a l  s h e l l  o f  m a t e r i a l ,  o r  a 1 0  i n c h  diamezeer c y l i n d r i c a l  
i i r : iny1-f7uor i t fc  , water s o l u t i o n  r e a c t o r  s u r r o u n d e d  by  a 
c \ * l i n d r i c a l  s h e l l  o r  s h e l l s  o f  m a t e r i a l .  T r a n s m i t t e d  n e u t r o n  . s p c c t r a  a r e  measured  u s i n g  211 N E - 2 1 3  l i q u i d  s c i n t i l l a t o r  system 
and calculations are made with state-of-the-art one and 
two-dimensional Sn transport methods as they would h e  used  in a 
shield design procedure. Reference 10 reports results f o r  
spherical shells o f  tantalum, tungsten, molybdcniiin, and 
beryllium. PIia j or d i s c repanc i e 5 between expe r ime n t and 
calculation were observed here, particularly f o r  the case of 
beryllium ( E N D F  material 1007) and tantalum (ENDF material 
1 0 3 5 ) .  Figure 3 shows some reprcsentative results for t he  
tungsten experiment. The  discrepancies have been reported to thc 
Cross Section Evaluation Working Group (CSEIV’G) for evaluation. 
Reference 9 reports results of  measurements and calculations 
- for cylindrical shells of lead and water surromding the 
reactor. The geometry and thicknesses in this experiment, sholin 
in figure 4, are similar to space power reactor shields. The 
results calculated here, and slioisn in figure 5, used GAtI  C T O ~ S  
sections. The agreement between experiment and calculation w3s 
re a s o na?, 1 e ; minor s h a p e  changes a r e  observable upon close 
examination. 
This type of cress section evaluation work is continuing 
hcrc. Results of current experiments performed with spherical 
and cylindrical shells of lead and molybdenum are being reported 
at this meeting by Shook, et a1 (ref.11). 
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Multigroup g;rmma ray transport cross sections arc gcncratcd at 
Lewis using GAWLEG (ref. 12) along with L,\SL (ref. 1.5) or NRS 
(ref. 1 4 )  compilations of photo-electric and pair-production 
cross sections. Secondar). gamma production cross scctions are 
nssemblcd from broad-group-averaged inelastic scattering and 
capture cross sections and an appropriatc gamma spcctra. Gamma 
spectra from thermal neutron capture and neutron inelastic 
scattcring events used are basically from 1JSC c7mpilations (ref 
. 1 5 ) ,  but are supplemented from various other current sources (ref 
16). Coupled neutron-gamma ray cross section sets are assemblcd 
. from this data using an undocumented set of computer codes. 
Inclastic Scattering Gamma Ray Production Cross Sections 
Inelastic scattering gamma ray production cross sections a r e  
assembled from: 
1. GAM-I1 group averascd total inelastic scattcring cross 
sections, and 
L .  3 the neutron-energy-depcndent gamma ray spectra from 
inelastic scattcring events tabulatcd in rcicrence 15. 
'The lattcr data is utilizcd b y  reaverzging it to suit present 
neutron and gamma r a y  energy group splits. The averaging is 
performed using an undocumented code and assumes that the neutron 
flux pcr unit energy within any broad group is constant. )!an); of 
the gamma ray spectra here have been calculatrd and their 
precision is unknown. However, because of  the small fraction of 
the total dosc  d u e  to inelas~ic gamma r a y s  in thick shields ( s e e  
f i g  21, such improvements would make only small changcs in the 
total dos t - .  
Capture Gamma Ray Production Cross Scctions 
Thcrc arc several f:.ctors which affect the accuracy of capture 
camma ray dose calculations. These include the accurate 
hetermination of the total number of captures, the spatial 
distribution o f  captures, cspecially in hcavy shield layers, and 
t h c  spcctra emitted from thzse captures which is dependent on 
i:e,i:ron cnergy. A ereat deal of attention (ref. 17) has been 
given recently to the measurement and calculation o f  capture 
s:in:;in ray production cross sections. Butt little attention has 
heen given t o  thc calculation of the spatial distribution of 
captures cspccially in thick high-atomic-number resonance 
:iI?sorbers prcscntly considered for high performance shields. The 
p r o b l e m s  \\-e have encountered in oldr studies of resonance capture 
o f  ricutrons in layered sh'ields (rcf 18,19,20) is not of what 
C'!7~~~tr3 t o  employ, but of how 20 obtain appropriately averaged 
c-nergy group capture cross seceions f o r  layers of resonance 
absorbers so as to insure t h a t  The correct total capture rate is 
conserved in each group. 
. .  
T h e  problem of precise calculation of t h c  s p a t i a l  
distributions of neutron captures in resonance absorbers i s  of 
first-order importance becausc of the large gamma ray attcnuntion 
coefficient of these materials. Errors in spatial distrihut ion 
of captures occur in multigroup transport calculations becnuse of 
the necessarily broad energy groups employed. A single nvcrnge 
capture cross section in each group, even i f  it corrcctlv 
conserves total captures, must necessarily result in large 
underestimates of the capture rates at the surfaces of rcsonancc 
absorbers. Consequently, the spatial distribution of c:rpture 
events and gamma ray leakage will be in error. 
It was pointed out in the discussion of figure 2 that for 
thesc optimized shields, a large portion of the total biological 
dosc rate outside of the shield was due to resonancc capture 
gamma rays born deep in the shield. Consider how a multigroup 
calculation handles resonance capture, for example, the 6.65 eV 
rcsonance in 11-235 .  This might be containcd in a broad group  
extending from 3 to 11 eV in 3 multigroup transport 
calculation. Figure 6 s h m s  this cross section as calculated by 
the G A R O L  code (ref. 21) in a very finc group structure; this is 
representative of the continuous cross scction in this cnergy 
interval. The requirement is to collapse this cross scction to a 
single value f o r  use in multi!roup calculations through thick 
slabs of such resonance absorbing shield material. The cross 
section mu.Gt be such that the tot21 capture rate (neutron 
population) is conserved and the corrcct sp7tin1 distribution of 
captures (hcnce gamma leakage) is also conserved. To do both in 
3 multigroup transport calculation with a reasonable numbcl- of 
energy groups is impossible. But one can at least conscrvrf the 
total capture rate in t he  slab by employing a cross scction 
cnlculatcd in a t~o-(or more) region resonancc code such as L I R O L  
and  using multigroup cross scction recipes consistent w i t h  thc 
intended ultiiiinte purposc of t h c  cross section. Caution is 
advised fo i .  the shicldcr who uses multigroup cross sections 
because most of t h e  cross scction c o d ~ s  in existqncc have becn 
l.:ritteri by rcactor ph,-sics people. Formulations for multigroup 
cross scction; in the resonance region as formulated in G.431-11, 
for cxample, givz corrcct tot21 caFture rates only \(hen absorber 
lumps, for which resonance caLculations are made, are homogeni zed 
: s i  thin 3 slowing do7.m mcdiun and. su.bscqucntly are exposed to a 
l / I :  flux in 3 transport or difiusion calculation. These cross 
sections were never intended to be used in a transport 
calculation through the 1u:np. Users are advised to examine 
lilultigrroup cross section recipes carefully before using them. 
Somc details of our studies on t h i s  problem are included in 
re fcrcncc 18. 
O n e  test of GAROL procedure has been made and reported in 
rcfcrf-nce 18. The resulting capture distributions in a 3 . 1 4  cm 
dcpleted uranium s l a b  surrounded by a pair of polyethylene slabs 
containing a 1 / E  neutron source is shown i n  figure 7 .  Shown is 
the capture rate in the 3-to-11 eV interval f o r  t h e  "exact" 10 
. PAGE 7 
group result along with that calculated with a one-group, 
GAROL-averaged cross section. The total capture rate has bcen 
conserved, but the spatial distribution of captures has not. In 
t h i s  case, the capture gamma leakagc is underestimated by about 
20 percent. (Total capture rates are incorrect if 3 broad group 
cross section is calculated in a one-region approximation and/or 
a formulation as coded in GAM-I1 is used in a transport 
calculation such as this . )  GAROL-generated cross scctions in thc 
resonance region for use in our shielding calculations have been 
documented (ref. 19) and are available from RSIC as DLC-13 
(GARLIR). 
Bogart (ref. 20) has evolved an accurate method for 
calculating spatial capture distributions in thick layers of 
resonance absorbers surrounded by moderating mcdia corresponding 
to layered shields. It employs multigroup effective resonance 
intcgrals calculatcd by GAROL to provide multigroup effective 
resonance cross sections. These cross scctions are universal 
functions of distance into an absorbing layer. The method has 
worked remarkably well 3 s  shown in figure 8 where the measured 
spatial distribu.Cion of captures from cadmium cut-off t o  100 l ceV 
tor U-238 rods (ref 22) is compared to that Calculated by 
Rogart. Such a technique has not yet been included in our 
routine coupled shielding transport calculations. 
Neutron-Energy-Dependent Capture Gamma Ray Spectra 
11 definitive calculation has not yet been performed to 
conclusively demonstrate the importance of neutron energy 
dependent capture gamma ray spectra to a shielding calculation 
such as this. Furrhermore, u.n less first-order changes are m;lde 
in the method of calculating t h e  spatial distribution of 
resonance captures in multigrou? calculztions, the illclusion of 
n c u t r o n - e n e r g ; ” - d e p e n d e n t  capzure  spe:zra in t h e  resonance region 
is questionable. 
Measurcd and calcu1;:ted neutron energy dependent capture gamma 
ray spectra which are reported in broad neutron energy g r c u p s  
must be treated carefully. Such measurements have been made for 
the shield materials tungFten and urcaium-233 (ref 23 and 24). 
For iron, a current re-eiralua‘cion ( r e f  25) f o r  ENDF material 1124 
includes czlculated gamma ray energy distributions for 12 neutron 
encrgy groups. The measured data is generally reported a s  
microscopic data but corresponds to averages over the finite 
sample measured, even t hough  multiple neutron scattering 
corrcctions are made. T h e  daea is reported in broad neutron 
energy groups, each of which, in general, contains more than one 
resonance. Therefore, there is a queszion with regard t o  the 
applicability of this data to thick samples. In thick samples 
- such as experienced in our layered shields, czptures at the 
surface of a s l a b s  a re  governed by t h e  inginitely dilute 
rcsonancc integral; nuclei withLn the s l a S  see a depleted flux 
* and captures are due t o  less  peaked resonances, and ehe wings of 
neighboring resonances. At every point within the slab, the 
neutron spectra is different than that impinging on the slab. 
Therefore, one can expect the capture gxmma spectra to h e  
different at any point within the slab. To do a proper averaging 
of both capture gamma spectrum and capture cross section f o r  a 
given sized slab requires a cross section averaging code one 
s t e p  beyond any than is available (or even consideredj today. 
Further, the problem of calculating the proper spatial 
distribution of captures (or an average cross section which 
permits the proper leakage of gammas) remains to bc solved for 
use in routine multigroup calculations. Dudziak has recognized 
thic in his infinitely-dilute gamma production cross section 
I code, LAPHANO (ref. 2 6 ) ,  arid has allowed the user t9 input his 
own broad group weighting function to reflect 311 of the above 
mentionnd phenoxena. 
NASA-Lewis Resonance Gamma Ray Production C r o s s  Sections 
Because of the complexities pointed out above ,  gamma 
production cross section cross sections in the resolved resonance 
energy region are g2nerated at Lewis using broad group  averaged 
neutron capture cross sections as calculated by G A R O L ,  and the 
capture gamma ray spec-cra associated with the capture of thema1 
neutrons. This approach at least conserves the total number of 
rcsonancc captuyes. 
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Another problem in shicld c a i c u l a t  ions is Jtic to t l n ~ \ i n : i I  ivs 
introduced in two dimensional transport calculations b y  r a y  
effects and ncgative flux fix-ups. in rcfcrcnce 2 7 ,  a serics of 
too dimensional calculations was made f o r  the reactor-shield 
configuration shown in figure 9 .  The geometry is only modestiy 
irregular. O f  interest was the biological dose rate at a distant 
point. To get this data, a two dimcnsional Sn transnort 
calculation was performed to the outer boundar:: -holm in the 
figure; then the leakage angular fluxes are inte.. .:ed over the 
surface to obtain the dose rate at distant pojn~s. Figure I O  
shows the neutron and gamma ray dose rates aloxg the outer radial 
boundary of the transport problem as calculated for various 
angular quadrature orders. The undulations are due t o  ray 
effects generated in the void rcgicn. T h e  location o f  the true 
dose rate distribution is unknovm. Figure 11 shows the neutron 
and gamma ray dose rates along the bottom surface of the 
transport problem. The geometry is such that the dose rates 
should f a l l  off monotonically with increasing radius. But a 
largc spurious upturn is observzble at the outer radius. This is 
due partially to ray effects, surface-to-surface streaning, and a 
net density reduction in the stepped region u s e d  t o  mock up the 
conical shield surface, but is mainly due t o  positive components 
or' angular flux being generated in directions which, physically 
should have a zero value. These spurious sources appear in the 
v o i d  region due to negative flux fix-up procedures. In the void 
region, the msgnitude of t hese  angulz-c fluxes is small comyarcd 
to ogtward directed components. iIowever by the time th2sc 
spurious com.ponents are propnzatcd to the bottom of the s h i e l d ,  
thcy arc larger "ihan tree angular fluxes which have been 
attcnuatcd by thc thick s h i e l d . ;  hence, the spurious upturn. 
The uncertainties shown in Eigwrcs 10 and 11 are much larger than 
any that wotlld appear due to differences, sny betT..*;een ENDF and 
GA5I cross section d a t a .  A g o i n  InFrovements in t h e  routine 
transport procedurc c in u s e  t o d a y  must b e  made before 
improvements in cros: section d a t a  can be seen in calculations 
such as this. 
. .  
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P r e s e n t  e f f o r t s  i n  c r o s s  s e c t i o n  code  deve lopmen t  a r c  toward  
m a j o r  code  s y s t e m s  which do a l l  p r o c e s s i n g  from p o i n t  ENDF d a t a  
t o  b r o a d  m u l t i g r o u p  c r o s s  s e c t i o n  f i l e s .  However,  w i t h  l i n i i t c d  
manpower a t  hand t o  w r i t e  a n d / o r  m a i n t a i n  l a r g e  c r o s s  s e c t i o n  
h a n d l i n g  c o d e s ,  t h e  a p p r o a c h  a t  Lewis h a s  b e e n  t o  o b t a i n  we11 
d e v e l o p e d  c o d e s  which  r e q u i r e  minimum d e b u g g i n g  and  m a i n t a i n c n c c .  
G A M -  I I , GATHER- I I , GAMLEG,  and  SUPERTOG q u a l  i f y  h e r e .  Kc a r c  
a l s o  c o n s t r a i n e d  by l i m i t e d  comput ing  h a r d w a r e ,  nainely a p a i r  o f  
I B M  7 0 9 4 ' s  and  a n  IBM 360/67/1'SS. Thus c o d c s  must  b e  u s e d  which 
n o t  o n l y  f i t  t h i s  h a r d w a r e ,  b u t  r u n  i n  a r e a s o n a b l e  l e n g t h  o f  
t ime.  Running a c r o s s  s e c t i o n  code  from t h e  b e R i n n i n g  ( E N D F  
t a p e )  t o  end  ( b r o a d  m u l t i g r o u p  c r o s s  s e c t i o n s )  i n  one pass  i s  o u t  
o f  t h e  q u e s t i o n  s o  t h e  a p p r o a c h  h a s  b e e n  t o  r u n  t h e  s e p a r a t e  
modules  i n d i v i d G a l l y .  For  example ,  r u n  SUPERTOG t o  o b t a i n  G A F I - I 1  
u p d a t e  d c c k s  ( n e u t r o n s ,  0 . 4  eV t o  1 5  MeV), t h e n  u p d a t e  t h e  GAY 
t a p e ,  t h e n  r u n  GAM t o  o b t a i n  fast b r o a d  g r o u p  c r g s s  s e c t i o n s ,  r u n  
G N L E G  t o  o b t z i n  gamma c r o s s  s e c t i o n s ,  e t  c e t . e r a ,  i n  s c p a r a t c  
r u n s ,  t h e n  combine a l l  cf  t h e  p i e c e s  t o  o F T a T K T G  c o m p l e t e  c r o s s  
s e c t i o n  d e c k .  A l t h o u g h  t h i s  p r o c e s s  may t a k e  some t i m c ,  many 
segmen t s  need  bc  done o n l y  o n c e .  An example o f  t h e  o n e - t i m c - o n l y  
r u n  i s  t h e  SUPERTOG t o  GAM r u n  and  t h e  GA>4T,EG t o  m u l t i g r o u p  gamma 
c r o s s  s e c t i o n  r u n .  Because  cach  o f  t h e s e  are f o r  m i c r o s c o p i c  
d a t a  f o r  a g i v e n  g r o u p  s p l i t ,  t h e y  need  be r u n  o n l y  once  f o r  a 
given s e t  o f  b a s i c  d a t a  f o r  a g i v e n  i s o t o p e .  7 l ix ing  and merg ing  
o f  c r o s s  s e c t i o n  s e t s  c a n  be done i i i t h  s j . n p l e r  e d i t i n g  c o d e s  o f  
l o c a l  o r i g i n .  T h i s  separate a p ? r o a c h  a l s o  p e r m i t s  more r a p i d  
s u b s t i t u t i o n  o f  i n d i v i d u z l  cross s z c t i o n  codc  modules i n  c z s c  t h e  
need t o  do s o  i s  cieened. t r i v i s a b l c .  T ~ I C S ,  cnc i s  n o t  " l o c k e d - i n "  
t o  one m j o r  code  sys"ie;n. 
I 
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I n  o u r  s t u d i e s  o f  s p a c c  poricr r c s c t o r  s h i c l d s ,  i t  has h c c n  
i i s c f u l  t o  pe r fo rm 170th coup1c.J and separate c a l c u l a t i o n s .  b.'uch 
ins i ,g l i t  113s hccn  o b t a i n c d  i n t o  t he  ncchan i sms  o f  r a d i a t i o n  
t r a n s p o r t .  and s e c o n d a r y  gamma g c n c r a t i o n  from s c p n r a t c  
cn1cul : i t  i o n s .  'rhcsc i n s i g h t s  t invc l c d  t o  e x p e r i m e n t s  and 
a n : i I y t i c  s t u t l i c s  o f  a r c ; ~ s  riost  i n p o r t a n t  t o  t h e  d c s i g n  o f  sr.ncc 
power r c a c  t e r  511 i c l  r l s  , iiiii:ic 1 y n c ' u  t roil t r a n s p o r t  i n  t h c  !Ic\T r e g  i o n  
3Ild r c .c; o ii;111 c' c- c :I p r 11 r c  i 11 t h i c k  r c sona r i cc  a b s o r b c r s  . 
1)iscrcp: inc ic.; hct i<ccn cspc>ri: ; icnt a n d  c a l c u l a t i o n  i n  t h e  3lcV 
r e g i o n  h n ~ c  hccn  f o u n d ,  i n  110th (;:\'I- I i  and  E X I ~ F  ( l a t a  f i l e s .  
Thc> p rob lem o f  how t o  hantllc r c s o n a n c c  c a p t u r e  i n  n bro:id 
mul r iy ro i ip  s ! i i c ~ l J i n g  c n l c u l n t  i on  i n  n t h i c k  a b s o r b e r  h a s  been 
s t u t l  i ccl :ind ; i n  ; ~ p p ~ - o ; i c h  has hccn t a k c n  which c o n s e r v e s  t h c  t o t 3  1 
c a p t i i r c  r ; i t c  \ ; i t h i n  :I rcjpion. !;ut t he  s p n t i n l  d i s t r i h u t i o n  o f  
t-cseri:incc~ c ' a p t t i r c s  w i t h i n  thc  n b s o r h c r  i s  g r o s s l y  i n  e r r o r .  T h i s  
Icad.; t o  c'rroncou..; j::ii:i::ia I c;1h:i!:c. fi-013 t hc  a b s o r h c r  h c c a u s c  o f  i t s  
v e r y  h i g h  .ga~in; i  : ~ t t r i i u : i t i o i ~  c o c f f j c i c n t .  'I'hc s p a t  i a 1  c n p t u r c  
p r o b l e m  T I O ;  atfc(!tiatc>l>. hnndlcct i n  p r c s e n t  c o d e s .  T h c  
i n c o r p o r a t i o i l  i n  IiSIII.* f i  1cs  of- c a l c u l z t c d  o r  mcasurcd  bronc1 
r c s o l u t  i o n  gnminn p r o d u c t i o n  cross s c c t i o n s  f o r  t h c  r c s o n a n c c  
r e g i o n  i s  o f  q u c s t i o n 3 b l c  utility f o r  t h c  r c a c t o r  shielding 
I t  has  bccn  o b s e r v c d  t h a t  l n r g c  e r r o r s  a r c  i n t r o d u c e d  i n t o  ;? 
1 .  t r a n s p o r t  c o d e s  thcr?sc;vcs n s  a:)plic\rl t o  even  m o d e s t l y  
irregcTulzr g c o z c t r i c s  d?iC 'io r z y  e f f c c t s  and  o t h e r  
3no:na l  i c s  , 2nd 
2 .  impropc r  t r cc l tmcn t  o f  spatially d c p c n d c n t  r c s o n a n c c  
a b s o r p t i o n  and  c r r o n ~ o u s  g e n e r a t i o n  o f  m u l t i g r o w p  c r o s s  
s e c t i o n s  i n  t h c  r e s q n a n c e  r c g i o n .  
I 'hcsc c f t c c t s  may c s c e e d  c r r o i - s  due  t o  u n c e r t a i n t i e s  i n  t h e  
m i c r o s c o p i c  C T O S S  . rmct ion dn ta .  " 
cOrnc:t1ili t y .  
s h i c d i TI 2 c a 1 c u 1 a t i on by  
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Figure 1. - Schema!ic reprcsentztion 01 layered. spherical  reactor 
and shield assembly. (Approx. to  scale. 1 
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Figure 2. - Dislribiition of dose ra!e at d3eclor by source  
r q i o n  2nd 50urce iyp:' (or dn q : i n i z L q  7 - 1 ; ~ ~  LiH- 
c'cplsicd urmium silic!d (tc:al c ' x e  r:te 2 nrmlhr  at 
L?) m::ers disi;n?I(:lCcd from rrl. 2) .  
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Figure 3. - k 6 k d g e  spectrum for source enclosed by a 
9.38 cm th'ck spherical s h e l l  of tungsten (density = 
11.67 glun !3 Icfran ref. 101. 
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FiGure 5. - Cmpxlson of cry:rimen:aI 2nd calculated 
resuils for rcxior- 20 07 ;cad- \:.;!x con!iguralion 
of f iy re  4. Xg int:rneti;:e kxl in p!:ce. Calcula- 
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Figure 6. - U r a n i u n - 2 3  total cross section Iran 10-group- 




"0 .2  . 4  . 6  . B  1.0 1 .2  1.4 
DISTANCE FROiZl INTERFACE. C M  
Figure 7. - CunbJ r i son  of capture  rate distribution in  a 3.14 un 
Ihick slab of U-c. calculated us ing  10 f ine g roups  and one  
broad group over 3- to 11-eV neu t ron  energy ranqe. Both 
c ros s  section sets  calculated us ing  t h e  GAROL code. (Frcm 
ref. 18.) 
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Figure 8. - C m p s r i s s n  of s;Si:l 6is:ributicn of cap?ures 
czlcul::ed by f3cc;arl's nc l ihc j  ui:h c x p x i n c n l a !  C 2 i 1  of 
I-:clls:rznd for metallic rdr  0: ur;nioni-Z3S. ( F m  
*ref. 20.1 
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Z-DI::,ENSIONr\L TRANSPORT CALCUL4TIONS. 
Fir jure 9. -Two 6:nenslonal  spzce po.,cer r e x i o r  sh ie ld  c o n l i g u r z l i o n  
and  co r respo id ing  calculational no5cl. ( F r m  ref. 27.) 
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F igu re  10. - Dose rates at rad ius  117 cent imeter  (nea r  
o u l z r  rsd ia i  boundary of t r anspor t  problem). Ca lcu-  
la t ion  a re  fo r  P2 scai fer ing and va r ious  orders of 
angular quadrature denoted by n of Sn. (Frm 
ref. 27. ) 
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F igu re  11. - Dose ra?es along b o Y a  sur face of shield. 
Calcu lz t lons a re  f c r  P2 scat ter ing a n d  va r ious  o rde rs  
of x q u l a r  quadra tu re  6:nc:cd by n of Sn. l F r m  
ref. 27.) 
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